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The human gut microbiome has a considerable impact on host health. The long list
of microbiome-related health disorders raises the question of what in fact determines
microbiome composition. In this review we sought to understand how the host itself
impacts the structure of the gut microbiota population, specifically by correlations of
host genetics and gut microbiome composition. Host genetic profile has been linked
to differences in microbiome composition, thus suggesting that host genetics can
shape the gut microbiome of the host. However, cause-consequence mechanisms
behind these links are still unclear. A survey of the possible mechanisms allowing host
genetics to shape microbiota composition in the gut demonstrated the major role of
metabolic functions and the immune system. A considerable impact of other factors,
such as diet, may outweigh the effects of host genetic background. More studies are
necessary for good understanding of the relations between the host genetic profile,
gut microbiome composition, and host health. According to the idea of personalized
medicine, patient-tailored management of microbiota content remains a fascinating area
for further inquiry.
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INTRODUCTION
The human gut houses a complex community of microbes whose number is estimated to be 10
times higher than the number of cells in the whole body. These microbial communities, called
the gut microbiome, are dynamic populations that differ from one person to another and that
change their structure with time. Gut microbiotas interact with their hosts in many ways; thus
composition of a microbiome may impact the balance of the whole system, and changes in
microbial communities may exert significant effects on an individual’s health. Thus, microbes can
be used in strategies addressing modulation of microbiome functionality, i.e., they can be used as
probiotics (Savage, 1977; Kau et al., 2011; Linares et al., 2016). An extensive review on probiotic
roles played by the microbiota has recently been published by Linares et al. (2016).
The importance of the gut microbiota for human health has been widely appreciated during this
and the previous decade. The least surprising was their effect on gastrointestinal tract functions
and diseases such as ulcerative colitis (Macfarlane et al., 2005; Sokol et al., 2006a,b; Linares et al.,
2016) gastroenteritis (Barman et al., 2008), and celiac disease (Nadal et al., 2007). Abnormalities
in composition of gut bacteria are considered as an important factor promoting inflammatory
bowel disease including Crohn’s disease (Kassinen et al., 2007; Dicksved et al., 2008; Collins
et al., 2009; Linares et al., 2016; Manuc et al., 2016). Since gut bacteria are involved in metabolic
transformations and energy harvest, they have been reported as a biotic factor regulating body
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weight, potentially linked to a risk of obesity and other metabolic
disorders (Backhed et al., 2004; Turnbaugh et al., 2006, 2009;
Cani and Delzenne, 2009; Ley, 2010). However, in this field also
controversies have been pointed out, like the complex character
of studied phenomenon, the necessity of studies based on
observation and description in opposition to studies performed
to confirm a hypothesis and the independence from the food
industry (Angelakis et al., 2012; Lagier et al., 2012).
Gut microbiota composition has been linked to functions
of organs and tissues far beyond the gut itself. Probably the
most spectacular is the so-called gut–brain axis; biochemical
signaling between the gastrointestinal tract and the nervous
system is important for healthy brain function. This relationship
involves the gut microbiome, the composition of which may
be linked to neuropsychiatric diseases (Mu et al., 2016; Yarandi
et al., 2016). Another important role of the natural microbiome
is liver homeostasis, since bacterial metabolites in dysbiosis
can be linked to the pathogenesis of liver disease (Haque and
Barritt, 2016). Microbial metabolites belonging to short-chain
fatty acids (butyrate) may affect the whole system of the host, even
mitigating graft-versus-host disease (GVHD), the most probably
by regulation of histone acetylation (Mathewson et al., 2016).
Some findings reveal that the microbiomes of the lung and
gut contribute to the pathogenesis of asthma and allergy by
regulation of helper T cell subsets that affect the development of
immune tolerance (Russell et al., 2012; Riiser, 2015).
The long list of microbiome-related health disorders raises
the question of what in fact decides on microbiome composition.
Ecological sciences define factors that shape microbial
community structure as a combination of environmental
factors such as diet, and host-defined ones. In fact, there is a high
interaction between the microbiome and the host, and for that
reason both of them have evolved together, which may explain
possible microbiome adaptations (Cavender-Bares et al., 2009;
Walter and Ley, 2011; Leamy et al., 2014; Linares et al., 2016).
Relating individual microbiome composition to host genetics
may constitute a link between probiotic studies and personalized
medicine. In this review we aim to bring together recent findings
that demonstrate the link between human host genetics and the
gut microbiota, from the perspective of practical implications of
this knowledge for humans’ health.
LINKS BETWEEN HOST GENETIC
PROFILE AND INDIVIDUAL GUT
MICROBIOME IN HUMANS
The question of how genotype and environmental exposure
influence the gut microbiome has been addressed in a twin
pairs study by Turnbaugh et al. (2009). Fecal microbiota
were characterized in 154 adult individuals comprising female
monozygotic or dizygotic twins and their mothers, if available.
In this group, the gut microbiota was similar among family
members, but individual variations were observed, i.e., specific
bacterial lineages were present in each person’s gut. These
variations were assessed in monozygotic and in dizygotic
twins, and the analysis showed a comparable degree of co-
variation between these groups. The authors found their
observation consistent with an earlier study of adult twins by
fingerprinting (Zoetandal et al., 2001). These findings contradict
the hypothesis of a substantial impact of host genetics on
microbiome composition and they are in line with observation
of Murphy et al. (2015) who studied dichorionic triplet sets.
In these group only at the 1st month of life monozygotic
pair shared microbiota distinct to the fraternal sibling. At
the 12th month no significant differences were observed.
However, some limitations of the studied have been pointed
out. First, small groups: 20–30 twin pairs in each category
in studies of Turnbaugh et al. (2009) and three triplet sets
in studies of Murphy et al. (2015). Second, broad measures
of the microbiome composition instead of individual bacterial
representation was investigated (Davenport et al., 2015; Murphy
et al., 2015).
Recent studies by Goodrich et al. (2014) analyzed microbiotas
in fecal samples obtained from the TwinsUK population
(416 twin pairs); microbiomes were found more similar for
monozygotic than dizygotic twins. The study also revealed
differences between bacterial families; the analyses of distance
metrics in the three most dominant bacterial families –
the Lachnospiraceae and Ruminococcaceae (Firmicutes)
and Bacteroidaceae – demonstrated greater similarities
between monozygotic twins within the Ruminococcaceae
and Lachnospiraceae than those between dizygotic twins.
Similar pair-wise diversity was restricted to the Bacteroidaceae
family, so this group was suggested to be more responsive
to environmental factors (Goodrich et al., 2014). Moreover,
datasets from Turnbaugh et al. (2009) and Yatsunenko et al.
(2012) were re-analyzed, validating the observation that the
representation of bacterial taxa in the gut is more similar
within monozygotic than dizygotic twin pairs (Goodrich et al.,
2014).
Davenport et al. (2015) applied a genome-wide association
study (GWAS) to investigate the fecal microbiome from a
religious isolated group, the Hutterites who live on communal
farms. The Hutterites are not an outbred population, but
rather a genetic isolate exhibiting a strong founder effect
(Coghlan and Zelinski, 2016). They are also an isolated
population due to the communal farming, therefore variations
of environmental factors have less impact on individuals’
microbiomes (Davenport et al., 2015; Igartua et al., 2016).
These features make this population a unique model for
genome and microbiome studies. The study in 127 participants
demonstrated that the abundances of at least eight bacterial
taxa were associated with host genome single nucleotide
polymorphisms (SNPs), including those previously associated
with BMI in obesity studies. The differentiation of bacterial
taxa abundances between male and female participants was
also reported, however, this element must be considered with
caution. Hutterite society practice substantially different daily
activities of men and women which could drive sex-specific
differences (Davenport et al., 2015; Davenport, 2016). In the
report within the Human Microbiome Project, most variation
in the human microbiome could not be well explained by their
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relation to gender (Human Microbiome Project Consortium,
2012a,b).
MURINE MODELS DEMONSTRATE THAT
HOST GENETIC PROFILE CAN SHAPE
GUT MICROBIOME
The relation between the composition of gut microbiota and the
host genetic profile has been clearly demonstrated in murine
models. Benson et al. (2010) showed that composition of the gut
microbiota behaves as a polygenic trait (i.e., resultative phenotype
cumulates effects of more than one gene), and they identified
in mice 18 host quantitative trait loci (QTL) that correlated
with relative abundances of particular microbial groups. This
correlation showed that heritable genetic factors may govern
intimate associations between the host and its microbiota,
although additional efforts will be needed to explain in details
which physiological mechanisms are involved. The study was
done in a large (n = 645) murine intercross model (G4) in which
the environmental factors were carefully controlled (Table 1).
The same study revealed that in the case of some taxonomic
groups of bacteria, e.g., lactobacilli, host genetic control
is probably exerted at the lower taxonomic ranks, i.e., at
the species level and below. No QTL were identified for
Lactobacillus (genus), so they mapped as individual traits the
relative abundance of three Lactobacillus groups with 97%
identity – Lactobacillus reuteri, L. johnsonii/L. gasseri, and
L. animalis/L. murinus – to test for co-segregation at the species
level. This analysis revealed that the L. johnsonii/L. gasseri group
segregated with two significant QTL on MMU14 and MMU7
(Benson et al., 2010). Interestingly, in the case of Helicobacter
(genus) significant QTL were detected. Both Helicobacter and
Lactobacillus interact directly and adhere to host tissues, so
both genera would be expected to have intrinsic susceptibility to
modulation by host factors (Benson et al., 2010).
As reported by Leamy et al. (2014), a study of G10 mouse
population (continued) revealed 42 microbiota-specific QTL in
27 different genomic regions that affected the relative abundances
of 39 (out of the 203, i.e., 19%) microbial taxa in the murine
gut. When using a strict approach the authors proposed 20
QTL as underlying genetic variation affecting the microbiota
composition. The lowest FDR (false discovery rate) values, which
means the greatest support, were for QTL on MMU9 affecting
Alistipes (Leamy et al., 2014), that have been so far reported as
over-represented in patients with depression (Jiang et al., 2015).
It is not clear what is the strength of these genome-related
effects on microbiomes. As previously mentioned, many other
factors (diet, life style, colonization order, etc.) contribute to
the resultant effect. The group of Turnbaugh reported that diet
dominated host genotype in shaping the gut microbiome. In
mice deficient for genes linked to host-microbial interactions
[MyD88(-/-), NOD2(-/-), ob/ob, and Rag1(-/-)] and in wild-
type mice, gut microbiota were similarly modified by the diet.
Further, the structural changes in the microbial community that
were observed after dietary changes were rapid, reproducible,
and reversible, thus implying the predominant role of the diet
in shaping the gut microbiome (Carmody et al., 2015). Other
studies dedicated to phylotypes associated with obesity, suggested
that host genetic factors influenced gut microbiota plasticity
in response to diet (Parks et al., 2013); this emphasizes the
multilateral dependencies between various factors engaged in
microbiome forming processes.
MECHANISMS THAT LINK HOST
GENETICS AND GUT MICROBIOTA
COMPOSITION
In spite of the growing volume of data explaining how the gut
microbiota affects host physiology and health, explanations of
how host genetics shapes the structure of the gut microbiome
are very scarce. In general, the authors propose immune
functions, metabolism, energy regulation, gut motility, and
adhesion interactions as the most expected genetics-dependent
physiological phenomena that may impact the gut microbiota
TABLE 1 | Correlations of body traits and microbiome traits by the same quantitative trait loci.
Correlation by QTLs Reference
Body trait Microbiome trait
Fat content OTU3615 (Actinobacteria) Leamy et al., 2014
Fat content OTU22207 (Alistepes) Leamy et al., 2014
Weight and fat content OTU30840 (Clostridium) Leamy et al., 2014
Weight Lactococcus lactis Leamy et al., 2014
Immune response Coriobacteriaceae Benson et al., 2010
Immune response Lactococcus Benson et al., 2010
Susceptibility to colon tumors Coriobacteriaceae Benson et al., 2010
Susceptibility to hepatocellular carcinomas Turicibacter Benson et al., 2010
Region syntenic with this associated with Crohn’s disease in humans Barnesiella Benson et al., 2010
Weight Akkermansia Davenport et al., 2015
Olfactory receptor (response to bacterial metabolites) Bifidobacterium Davenport et al., 2015
Olfactory receptor (response to bacterial metabolites) Faecalibacterium Davenport et al., 2015
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(Benson et al., 2010; Leamy et al., 2014; Davenport et al., 2015).
A survey of the possible mechanisms allowing host genetics to
shape microbiota composition in the gut demonstrated the major
role of metabolic functions and the immune system (Table 1).
Benson et al. (2010) pointed out that QTL for
Coriobacteriaceae and Lactococcus (located on MMU10)
identified in their study were closely positioned with several
genes engaged in immune responses and regulation. These
comprised the TLR2 pathway, IFN-gamma, and IL-22, important
in the immune response in mucosal surfaces. The authors
also discussed a microbiome-related QTL on MMU1 that
overlaps the conserved gene ATG16L, and the region is syntenic
with a region of human chromosome 2 already shown to be
associated with Crohn’s disease (Parkes et al., 2007; Benson
et al., 2010). The pathogenesis of Crohn’s disease has been
so far recognized as a result of the gut microbiome and
environmental factors leading to an abnormal immune response
in a genetically predisposed patient. Possible factors promoting
and mitigating Crohn’s disease have been recently discussed
in an extensive review by Manuc et al. (2016). Interestingly,
some Crohn’s associated gene polymorphisms have been
demonstrated as affecting both the immune response and the
microbiota. For instance, the innate immune response is affected
by the polymorphism of nucleotide-binding oligomerization
domain-containing protein 2 (NOD2)/caspase recruitment
domain-containing protein 15 (CARD15); NOD2 acts through
the NF-kB pathway, which is also responsive to bacterial wall
components (muramyl dipeptide). An inadequate antibacterial
response related to NOD2 has been linked to probably
lower production of alpha defensins (antimicrobial peptides)
by Paneth cells or by an incorrect autophagy cascade with
increased levels of NF-kB. It is associated with the highest risk
of ileal involvement, stenoses or fistulas in Crohn’s disease
(Adler et al., 2011; Lee and Lee, 2014; Strober et al., 2014;
Manuc et al., 2016). Genetic variants that may also lead to
an increased risk of Crohn’s disease are linked to Toll-like
receptor 4 (TLR-4), typically responsible for recognizing bacterial
lipopolysaccharide, CARD9 (caspase recruitment domain-
containing protein 9), engaged in defense against pathogens
such as yeasts, and interleukin 23 receptor (IL-23R), while
IL-23 has been implicated in inhibiting the development
of regulatory T cell development in the intestine (Liu and
Anderson, 2014; Manuc et al., 2016). Khachatryan et al. (2008)
demonstrated significant changes in microbiome structure in
patients with an autoinflammatory disorder called familial
Mediterranean fever (related to mutations in the MEFV gene).
Their microbiome was substantially disturbed even during
remissions.
The relations between gut bacteria and the central nervous
system (the brain-gut axis) also engage immune system and
endocrine elements. Stress has been demonstrated in rodents
as the altering factor for gut microbiota through immune-
activation, probably due to changes in bacterial translocation
and resulting increase in stimulation of the innate immune
system (O’Mahony et al., 2009; Bailey et al., 2011). As pointed
out by Cryan and Dinan (2012) the mechanisms underlying
this relation engage autonomic nervous system (ANS) and
hypothalamus-pituitary-adrenal (HPA) axis that can modulate
gut motility, secretion and epithelial permeability which impacts
the niche environment for microbiota. CNS may induce signals
for neurons, immune cells and others secretory cells in the
gut that release a variety of signaling molecules as well as
anti-microbial peptides (AMPs) and modify composition of gut
microbiota (Rhee et al., 2009; Cryan and Dinan, 2012; Wang and
Kasper, 2014).
Some of the identified microbiome-related QTL (on
MMU7 and MMU10, for Turicibacter and Coriobacteriaceae,
respectively) overlapped with QTL for murine susceptibility to
carcinomas and tumor development (Benson et al., 2010). In
these cases the possible role of immunological functions has not
been explained yet, although tumor development usually involves
complex immunological processes.
Other observations suggest that gene-encoded metabolic
characteristics influence microbiome structure. For example,
an correlation has been identified between a bacterial taxon
associated with obesity (genus Akkermansia) and a variant near
PLD1, a gene related to body mass index (Everard et al., 2013;
Davenport et al., 2015). Evolutionary studies of vertebrates and
typical composition of their gut microflora suggest that the
microbiome is shaped by stomach acidity; this was confirmed
by the analysis of microbiome modifications correlating with
evolutionary changes of animals (Beasley et al., 2015).
Gene set enrichment analysis (GSEA) performed by
Davenport et al. (2015) revealed the olfactory receptor activity
significant for five taxons (family Succinivibrionaceae, genus
Bifidobacterium, order Rhizobiales, genus Anaerofilum, genus
Faecalibacterium). It had been previously demonstrated in
mice that in the kidneys an olfactory receptor responded to
metabolites produced by gut bacteria; this process affects renin
production and it results in systemic modifications of blood
pressure (Pluznick et al., 2013). Davenport et al. (2015) proposed
that olfactory receptors that may be expressed in other tissues
can also recognize compounds secreted by the microbiota. These
olfactory receptors could play a role in host-driven regulation
either for host physiology or for the microbiota in response to the
gut environment.
DISCUSSION
In this review we present reports that suggest that the host genetic
profile may shape the gut microbiome of the host. Some studies
were contradictory to this statement, such as the first twin pairs
analyses (Turnbaugh et al., 2009), but others revealed a possible
relation between host genetics and the microbiota in the gut.
A very interesting hypothesis was presented by Murphy et al.
(2015) basing on results in a group of dichorionic triplet set that
contained a pair of monozygotic twins and a fraternal sibling.
Host genetics seems to play a role in the composition of an
individual’s gut microbiome at the initial stage of life (1 month),
but later (12 months) environmental factors become a major
determinant.
It should be emphasized that the volume of relevant data is
still small, which results mainly from technical difficulties and
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limitations that have also been pointed out by some researchers
(Fu et al., 2016). Changes in gut microbe composition are
typically analyzed quantitatively in well-represented bacterial
taxa. The question that is still to be addressed relates to some
small microbial groups. Possibly their quantitatively insignificant
changes may affect host health substantially. Gut microbiota
composition can vary significantly even in well-controlled
cohorts, since other factors (than host genetics) shape the
microbiome (Parks et al., 2013). A representative example is the
diet, which has been demonstrated in a knock-out mice model
as dominating the host genotype in shaping the gut microbiome
(Carmody et al., 2015). As a result, the potential role of the
low-represented microbial groups still remains vague.
A limitation comes from the relatively small size of the
samples, which in microbiome studies have usually been
approximately 1–2 hundred individuals, or less. The sample
sizes necessary to detect significant associations in many GWAS
of common diseases were thousands to tens of thousands of
individuals (Davenport et al., 2015). Additionally, as pointed
out by Davenport et al. (2015), at the current state of research,
published replication cohorts are not available in humans. The
prospects for expanding the volume of available data rely on the
initiative of the Human Microbiome Project1, inspired by the
enhancing need for understanding reciprocal cross-talk between
microbiome and host. One of its major goals is to determine
whether there is an identifiable ‘core microbiome’ of shared
organisms, genes, or functional capabilities found in a given body
habitat of all or the vast majority of humans (Turnbaugh et al.,
2007).
Probably the biggest challenge that remains in the field is to
answer the question: “Is it really the microbiome composition
that causes a health disorder, or do both the health disorder
and the altered microbiome composition result from the same
genomic factor?” Probably both types of relations are possible,
but as yet they have not been clearly discriminated in humans.
It is very likely that a disease causes microbiome changes,
due to effects on several factors that affect microbiota: changes
in intestinal motility, change in appetite and diet, medical
treatment including surgery, changes in lifestyle. All recent
studies of Crohn’s disease confirm that it correlates with
dysbiosis. Particularly, low levels of Firmicutes, Bifidobacteria,
and Lactobacilli have been observed, and higher numbers of
Escherichia coli and other strains of Enterobacteriaceae (Manuc
et al., 2016). However, the use of probiotic bacteria such as
1 http://hmpdacc.org/
Lactobacillus and Bifidobacterium in active Crohn’s disease or
during remissions did not result in clearly conclusive, positive
results. Currently, probiotics are not recommended in Crohn’s
disease (Manuc et al., 2016). This example suggests that, at least
in some cases, the correlation of microbiota composition and
disease phenotype may result from the same detail of the host
genetic profile, and they may not necessarily be directly linked.
On the other hand, there are reports demonstrating transfer
of the gut microbiota between mice as sufficient for the transfer
of a disease phenotype. For instance, a very recent study by
Gacias et al. (2016) revealed that depression-like disorders of
social behavior could be “transferred” between two genetically
distinct strains of mice by the transfer of fecal bacteria. Intestinal
microbes, including members of Clostridiales, Lachnospiraceae,
and Ruminococcaceae, were transferred from the gut of depressed
mice to those exhibiting non-depressed behavior; this was
sufficient to induce social avoidance in the animals. The
mechanism of this effect, as identified by metabolomics analysis,
was related to increased cresol (a metabolite) levels in mice with
the depressive phenotype (Gacias et al., 2016).
We propose that both types of relations between host
genetic profile, gut microbiome composition, and host health
are possible, thus a better understanding may allow for patient-
tailored shaping of microbiome, e.g., by the diet. The field
of microbiome research is anticipated to expand with new
knowledge and clinical potential (Linares et al., 2016). This idea
remains a fascinating area for future inquiry.
AUTHOR CONTRIBUTIONS
KD analyzed the literature within the topic and wrote the
manuscript. WW has reviewed and consulted the manuscript.
ACKNOWLEDGMENTS
This work was supported by the European Regional Development
Fund, within the Innovative Economy Operational Program
2007–2013, project “Wrovasc – Integrated Cardiovascular
Centre”, implemented in the Regional Specialist Hospital,
Research and Development Centre in Wroclaw (WW),
by the National Science Centre in Poland, grant UMO-
2012/05/E/NZ6/03314 (KD), and by Wroclaw Centre of
Biotechnology, programme The Leading National Research
Centre (KNOW) for years 2014-2018.
REFERENCES
Adler, J., Rangwalla, S. C., Dwamena, B. A., and Higgins, P. D. (2011). The
prognostic power of the NOD2 genotype for complicated Crohn’s disease: a
meta-analysis. Am. J. Gastroenterol. 106, 699–712. doi: 10.1038/ajg.2011.19
Angelakis, E., Armougom, F., Million, M., and Raoult, D. (2012). The relationship
between gut microbiota and weight gain in humans. Future Microbiol. 7,
91–109. doi: 10.2217/fmb.11.142
Backhed, F., Ding, H., Wang, T., Hooper, L. V., Koh, G. Y., Nagy, A., et al. (2004).
The gut microbiota as an environmental factor that regulates fat storage. Proc.
Nat. Acad. Sci. U.S.A. 101, 15718–15723. doi: 10.1073/pnas.0407076101
Bailey, M. T., Dowd, S. E., Galley, J. D., Hufnagle, A. R., Allen,
R. G., and Lyte, M. (2011). Exposure to a social stressor alters the
structure of the intestinal microbiota: implications for stressor-induced
immunomodulation. Brain Behav. Immun. 25, 397–407. doi: 10.1016/j.bbi.2010.
10.023
Barman, M., Unold, D., Shifley, K., Amir, E., Hung, K., Bos, N., et al. (2008). Enteric
salmonellosis disrupts the microbial ecology of the murine gastrointestinal
tract. Infect. Immun. 76, 907–915. doi: 10.1128/IAI.01432-07
Beasley, D. E., Koltz, A. M., Lambert, J. E., Fierer, N., and Dunn, R. R. (2015). The
evolution of stomach acidity and its relevance to the human microbiome. PLoS
ONE 10:e0134116. doi: 10.1371/journal.pone.0134116
Frontiers in Microbiology | www.frontiersin.org 5 August 2016 | Volume 7 | Article 1357
fmicb-07-01357 August 26, 2016 Time: 15:47 # 6
Da˛browska and Witkiewicz Host Genetics and Microbiome
Benson, A. K., Kelly, S. A., Legge, R., Ma, F., Low, S. J., Kim, J., et al. (2010).
Individuality in gut microbiota composition is a complex polygenic trait shaped
by multiple environmental and host genetic factors. Proc. Natl. Acad. Sci. U.S.A.
107, 18933–18938. doi: 10.1073/pnas.1007028107
Cani, P. D., and Delzenne, N. M. (2009). Interplay between obesity and associated
metabolic disorders: new insights into the gut microbiota. Curr. Opin.
Pharmacol. 9, 737–743. doi: 10.1016/j.coph.2009.06.016
Carmody, R. N., Gerber, G. K., Luevano, J. M. Jr., Gatti, D. M., Somes, L., Svenson,
K. L., et al. (2015). Diet dominates host genotype in shaping the murine gut
microbiota. Cell Host Microbe 17, 72–84. doi: 10.1016/j.chom.2014.11.010
Cavender-Bares, J., Kozak, K. H., Fine, P. V. A., and Kembel, S. W. (2009).
The merging of community ecology and phylogenetic biology. Ecol. Lett. 12,
693–715. doi: 10.1111/j.1461-0248.2009.01314.x
Coghlan, G., and Zelinski, T. (2016). The c.64_80del SMIM1 allele is segregating in
the Hutterite population. Transfusion 56, 946–949. doi: 10.1111/trf.13439
Collins, S. M., Denou, E., Verdu, E. F., and Bercik, P. (2009). The putative role
of the intestinal microbiota in the irritable bowel syndrome. Dig. Liver Dis. 41,
850–853. doi: 10.1016/j.dld.2009.07.023
Cryan, J. F., and Dinan, T. G. (2012). Mind-altering microorganisms: the impact
of the gut microbiota on brain and behaviour. Nat. Rev. Neurosci. 13, 701–712.
doi: 10.1038/nrn3346
Davenport, E. R. (2016). Elucidating the role of the host genome in
shaping microbiome composition. Gut Microbes 7, 178–184. doi:
10.1080/19490976.2016.1155022
Davenport, E. R., Cusanovich, D. A., Michelini, K., Barreiro, L. B., Ober, C.,
and Gilad, Y. (2015). Genome-wide association studies of the human gut
microbiota. PLoS ONE 10:e0140301. doi: 10.1371/journal.pone.0140301
Dicksved, J., Halfvarson, J., Rosenquist, M., Jarnerot, G., Tysk, C., Apajalahti, J.,
et al. (2008). Molecular analysis of the gut microbiota of identical twins with
Crohn’s disease. ISME J. 2, 716–727. doi: 10.1038/ismej.2008.37
Everard, A., Belzer, C., Geurts, L., Ouwerkerk, J. P., Druart, C., Bindels, L. B., et al.
(2013). Cross-talk between Akkermansia muciniphila and intestinal epithelium
controls diet-induced obesity. Proc. Natl. Acad. Sci. U.S.A. 110, 9066–9071. doi:
10.1073/pnas.1219451110
Fu, B. C., Randolph, T. W., Lim, U., Monroe, K. R., Cheng, I., Wilkens,
L. R., et al. (2016). Characterization of the gut microbiome in epidemiologic
studies: the multiethnic cohort experience. Ann. Epidemiol. 26, 373–379. doi:
10.1016/j.annepidem.2016.02.009
Gacias, M., Gaspari, S., Mae-Santos, P., Tamburini, S., Andrade, M., Zang, F., et al.
(2016). Microbiota-driven transcriptional changes in prefrontal cortex override
genetic differences in social behavior. Elife 5, e13442. doi: 10.7554/eLife.13442
Goodrich, J. K., Waters, J. L., Poole, A. C., Sutter, J. L., Koren, O., Blekhman, R.,
et al. (2014). Human genetics shape the gut microbiome. Cell 159, 789–799. doi:
10.1016/j.cell.2014.09.053
Haque, T. R., and Barritt, A. S. IV (2016). Intestinal microbiota in liver disease. Best
Pract. Res. Clin. Gastroenterol. 30, 133–142. doi: 10.1016/j.bpg.2016.02.004
Human Microbiome Project Consortium (2012a). A framework for human
microbiome research. Nature 486, 215–221. doi: 10.1038/nature11209
Human Microbiome Project Consortium (2012b). Structure, function and
diversity of the healthy human microbiome. Nature 486, 207–214. doi:
10.1038/nature11234
Igartua, C., Davenport, E. R., Chupp, G. L., Elias, J. A., Gilad, Y., Ober, C., et al.
(2016). Nasal microbiome composition is associated with chitotriosidase (chit1)
activity in adult hutterites. Ann. Am. Thorac. Soc. Suppl. 1, S100–S101.
Jiang, H., Ling, Z., Zhang, Y., Mao, H., Ma, Z., Yin, Y., et al. (2015). Altered
fecal microbiota composition in patients with major depressive disorder. Brain
Behav. Immun. 48, 186–194. doi: 10.1016/j.bbi.2015.03.016
Kassinen, A., Krogius-Kurikka, L., Makivuokko, H., Rinttila, T., Paulin, L.,
Corander, J., et al. (2007). The fecal microbiota of irritable bowel syndrome
patients differs significantly from that of healthy subjects. Gastroenterology 133,
24–33. doi: 10.1053/j.gastro.2007.04.005
Kau, A. L., Ahern, P. P., Griffin, N. W., Goodman, A. L., and Gordon, J. I. (2011).
Human nutrition, the gut microbiome and the immune system. Nature 474,
327–336. doi: 10.1038/nature10213
Khachatryan, Z. A., Ktsoyan, Z. A., Manukyan, G. P., Kelly, D., Ghazaryan,
K. A., and Aminov, R. I. (2008). Predominant role of host genetics in
controlling the composition of gut microbiota. PLoS ONE 3:e3064. doi:
10.1371/journal.pone.0003064
Lagier, J. C., Million, M., Hugon, P., Armougom, F., and Raoult, D. (2012). Human
gut microbiota: repertoire and variations. Front. Cell. Infect. Microbiol. 2:136.
doi: 10.3389/fcimb.2012.00136
Leamy, L. J., Kelly, S. A., Nietfeldt, J., Legge, R. M., Ma, F., Hua, K., et al.
(2014). Host genetics and diet, but not immunoglobulin A expression, converge
to shape compositional features of the gut microbiome in an advanced
intercross population of mice. Genome Biol. 15:552. doi: 10.1186/s13059-014-
0552-6
Lee, K. M., and Lee, J. M. (2014). Crohn’s disease in Korea: past, present, and future.
Korean J. Intern. Med. 29, 558–570. doi: 10.3904/kjim.2014.29.5.558
Ley, R. E. (2010). Obesity and the human microbiome. Curr. Opin. Gastroenterol.
26, 5–11. doi: 10.1097/MOG.0b013e328333d751
Linares, D. M., Ross, P., and Stanton, C. (2016). Beneficial microbes: the pharmacy
in the gut. Bioengineered 7, 11–20. doi: 10.1080/21655979.2015.1126015
Liu, J. Z., and Anderson, C. A. (2014). Genetic studies of Crohn’s disease: past,
present and future. Best Pract. Res. Clin. Gastroenterol. 28, 373–386. doi:
10.1016/j.bpg.2014.04.009
Macfarlane, S., Furrie, E., Kennedy, A., Cummings, J. H., and Macfarlane, G. T.
(2005). Mucosal bacteria in ulcerative colitis. Br. J. Nutr. 93(Suppl. 1), S67–S72.
doi: 10.1079/BJN20041347
Manuc, T. E., Manuc, M. M., and Diculescu, M. M. (2016). Recent insights into the
molecular pathogenesis of Crohn’s disease: a review of emerging therapeutic
targets. Clin. Exp. Gastroenterol. 9, 59–70. doi: 10.2147/CEG.S53381
Mathewson, N. D., Jenq, R., Mathew, A. V., Koenigsknecht, M., Hanash, A.,
Toubai, T., et al. (2016). Gut microbiome-derived metabolites modulate
intestinal epithelial cell damage and mitigate graft-versus-host disease. Nat.
Immunol. 17, 505–513. doi: 10.1038/ni.3400
Mu, C., Yang, Y., and Zhu, W. (2016). Gut microbiota: The Brain Peacekeeper.
Front. Microbiol. 7:345. doi: 10.3389/fmicb.2016.00345
Murphy, K., O’ Shea, C. A., Ryan, C. A., Dempsey, E. M., O’ Toole, P. W.,
Stanton, C., et al. (2015). The gut microbiota composition in dichorionic
triplet sets suggests a role for host genetic factors. PLoS ONE 10:e0122561. doi:
10.1371/journal.pone.0122561
Nadal, I., Donat, E., Donant, E., Ribes-Koninckx, C., Calabuig, M., and
Sanz, Y. (2007). Imbalance in the composition of the duodenal microbiota
of children with coeliac disease. J. Med. Microbiol. 56, 1669–1674. doi:
10.1099/jmm.0.47410-0
O’Mahony, S. M., Marchesi, J. R., Scully, P., Codling, C., Ceolho, A. M., Quigley,
E. M., et al. (2009). Early life stress alters behavior, immunity, and microbiota
in rats: implications for irritable bowel syndrome and psychiatric illnesses. Biol.
Psychiatry 65, 263–267. doi: 10.1016/j.biopsych.2008.06.026
Parkes, M., Barrett, J. C., Prescott, N. J., Tremelling, M., Anderson, C. A., Fisher,
S. A., et al. (2007). Sequence variants in the autophagy gene IRGM and multiple
other replicating loci contribute to Crohn’s disease susceptibility. Nat. Genet.
39, 830–832.
Parks, B. W., Nam, E., Org, E., Kostem, E., Norheim, F., Hui, S. T., et al.
(2013). Genetic control of obesity and gut microbiota composition in
response to high-fat, high-sucrose diet in mice. Cell Metab. 17, 141–152. doi:
10.1016/j.cmet.2012.12.007
Pluznick, J. L., Protzko, R. J., Gevorgyan, H., Peterlin, Z., Sipos, A., Han, J., et al.
(2013). Olfactory receptor responding to gut microbiota-derived signals plays
a role in renin secretion and blood pressure regulation. Proc. Natl. Acad. Sci.
U.S.A. 110, 4410–4415. doi: 10.1073/pnas.1215927110
Rhee, S. H., Pothoulakis, C., and Mayer, E. A. (2009). Principles and clinical
implications of the brain-gut-enteric microbiota axis. Nat. Rev. Gastroenterol.
Hepatol. 6, 306–314.
Riiser, A. (2015). The human microbiome, asthma, and allergy. Allergy Asthma
Clin. Immunol. 11:35. doi: 10.1186/s13223-015-0102-0
Russell, S. L., Gold, M. J., Hartmann, M., Willing, B. P., Thorson, L.,
Wlodarska, M., et al. (2012). Early life antibiotic-driven changes in microbiota
enhance susceptibility to allergic asthma. EMBO Rep. 13, 440–447. doi:
10.1038/embor.2012.32
Savage, D. C. (1977). Microbial ecology of the gastrointestinal tract. Ann. Rev.
Microbiol. 31, 107–133. doi: 10.1146/annurev.mi.31.100177.000543
Sokol, H., Lepage, P., Seksik, P., Dore, J., and Marteau, P. (2006a). Temperature
gradient gel electrophoresis of fecal 16S rRNA reveals active Escherichia coli
in the microbiota of patients with ulcerative colitis. J. Clin. Microbiol. 44,
3172–3177. doi: 10.1128/JCM.02600-05
Frontiers in Microbiology | www.frontiersin.org 6 August 2016 | Volume 7 | Article 1357
fmicb-07-01357 August 26, 2016 Time: 15:47 # 7
Da˛browska and Witkiewicz Host Genetics and Microbiome
Sokol, H., Seksik, P., Rigottier-Gois, L., Lay, C., Lepage, P., Podglajen, I.,
et al. (2006b). Specificities of the fecal microbiota in inflammatory bowel
disease. Inflamm. Bowel Dis. 12, 106–111. doi: 10.1097/01.MIB.0000200323.
38139.c6
Strober, W., Asano, N., Fuss, I., Kitani, A., and Watanabe, T. (2014). Cellular and
molecular mechanisms underlying NOD2 risk-associated polymorphisms in
Crohn’s disease. Immunol. Rev. 260, 249–260. doi: 10.1111/imr.12193
Turnbaugh, P. J., Hamady, M., Yatsunenko, T., Cantarel, B. L., Duncan, A., Ley,
R. E., et al. (2009). A core gut microbiome in obese and lean twins. Nature 457,
480–484. doi: 10.1038/nature07540
Turnbaugh, P. J., Ley, R. E., Hamady, M., Fraser-Liggett, C. M., Knight, R., and
Gordon, J. I. (2007). The human microbiome project. Nature 449, 804–810. doi:
10.1038/nature06244
Turnbaugh, P. J., Ley, R. E., Mahowald, M. A., Magrini, V., Mardis, E. R., and
Gordon, J. I. (2006). An obesity-associated gut microbiome with increased
capacity for energy harvest. Nature 444, 1027–1031. doi: 10.1038/nature
05414
Walter, J., and Ley, R. (2011). The human gut microbiome: ecology and recent
evolutionary changes. Annu. Rev. Microbiol. 65, 411–429. doi: 10.1146/annurev-
micro-090110-102830
Wang, Y., and Kasper, L. H. (2014). The role of microbiome in central nervous
system disorders. Brain Behav. Immun. 38, 1–12. doi: 10.1016/j.bbi.2013.12.015
Yarandi, S. S., Peterson, D. A., Treisman, G. J., Moran, T. H., and Pasricha,
P. J. (2016). Modulatory effects of gut microbiota on the central nervous
system: how gut could play a role in neuropsychiatric health and diseases.
J. Neurogastroenterol. Motil. 22, 201–212. doi: 10.5056/jnm15146
Yatsunenko, T., Rey, F. E., Manary, M. J., Trehan, I., Dominguez-Bello, M. G.,
Contreras, M., et al. (2012). Human gut microbiome viewed across age and
geography. Nature 486, 222–227. doi: 10.1038/nature11053
Zoetandal, E. G., Akkermans, A. D. L., Akkermans-van Vliet, W. M., de Visser, J. A.,
and de Vos, W. M. (2001). The host genotype affects the bacterial community
in the human gastrointestinal tract. Microb. Ecol. Health Disease 13, 129–134.
doi: 10.1080/089106001750462669
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Da˛browska and Witkiewicz. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Microbiology | www.frontiersin.org 7 August 2016 | Volume 7 | Article 1357
